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Abstract 24
The presence of morphologically similar but genetically distinct species has impacted 25 biogeographical and ecological paradigms. This unrecognized diversity should be taken into 26 account when conservation strategies and biodiversity management protocols are formulated. 27
In marine sediments, free-living nematodes form one of the most abundant and diverse faunal 28 groups. Inferring the importance of nematode diversity for ecosystem functioning requires 29 however species level identification, which is hampered by the lack of easily observable 30 diagnostic characters and the presence of cryptic species. New techniques are urgently needed 31 to adequately study the ecology and evolution of cryptic species. The aim of the present study 32 was to evaluate the potential of a quantitative real time PCR (qPCR) assay using the internal 33 transcribed spacer (ITS) region of the ribosomal DNA to detect and quantify cryptic species 34 of the R. (P.) marina complex. All primer pairs proved to be highly specific and each primer 35 pair was able to detect a single juvenile in a pool of 100 nematodes. Ct -values were 36 significantly different between developmental stages for all species except for PmIII. Despite 37 differences among developmental stages, a strong correlation was observed between the 38 amount of extracted DNA and the number of nematodes present. Relative and absolute 39
Introduction 45
The discovery of morphologically similar but genetically distinct species throughout the tree 46 of life has substantially increased over the last two decades (Bickford et al. 2007 ). The 47 presence of cryptic diversity has impacted biogeographical and ecological paradigms, since 48 species with previously wide geographic distributions may actually consist of cryptic species 49 with a much more narrow geographic distribution (Stuart et al. 2006 ) and so-called 50 'generalist' species may in fact consist of cryptic complexes of specialist species (Blair et al. 51
2005). Evidently, this unrecognized diversity should be taken into account when conservation 52 strategies and biodiversity management protocols are being formulated. Furthermore, it 53
remains unclear how such cryptic diversity has evolved: is the morphological similarity the 54 result of morphological stasis or evolutionary convergence? Unfortunately, relatively few 55 studies have addressed the ecological and evolutionary aspects of cryptic speciation. 56
Cryptic species are found in a wide range of habitats (Bickford et al. 2007 ) but may be 57 particularly abundant in marine environments (Knowlton 2000) . This is because most marine 58 species do not require morphological recognition for mating, but instead rely on chemical 59 cues for mate choice and gamete recognition (Stanhope et al. 1992 were fourfold: 1/ to detect cryptic species of the R. (P.) marina complex using a SYBR Green 98 assay by designing species specific primers for the ribosomal internal transcribed spacer 99 region (ITS), 2/ to determine the detection limit of the assay, 3/ to investigate differences in 100 copy number between developmental stages, and 4/ to assess the reliability of quantification 101 for each species. 102 species were tested for specificity and efficiency on a Lightcycler 480 System (Roche 127 Diagnostics), and the best primersets were used for further experiments (Table 1) . 128
129
Extraction of genomic DNA 130 DNA from a single specimen was used to test 1/ primer specificity and 2/ differences 131 in ITS copy number between different life stages (juvenile, male, female). Individual 132 nematodes were handpicked from monospecific lab cultures, transferred to sterile distilled 133 water to remove traces of agar and then transferred to a 0.5 ml eppendorf tube containing 20 134 µl lysis buffer (50 mM KCl, 10 mM Tris pH 8.3, 2.5 mM MgCl 2 , 0.45 % NP 40, 0.45 % 135 Tween20). Tubes were frozen for 10 min at -20 °C, after which 1 µl of proteinase K (10 mg 136 ml -1 ) was added. Lysis took place in an Eppendorf Mastercycler gradient PCR machine at 65 137 °C for 1 h followed by 10 min at 95 °C. Finally, the DNA samples were centrifuged for 1 min 138
at maximum speed (14000 r.p.m.), and 1 µl was used as template for qPCR. DNA samples 139 from the six other species of the Rhabditis (Pellioditis) marina species complex (PmV-PmX) 140
and from the congeners Rhabditis (Pellioditis) mediterranea and Rhabditis (Pellioditis) 141 ehrenbaumi were taken from a previous study in which the same DNA extraction procedure 142 was followed (Derycke et al. 2008b) . 143
The DNA used to construct the standard curves, to establish the limit of detection and 144 to assess the accuracy of quantification was prepared using 145 hexadecyltrimethylammoniumbromide (CTAB). Nematodes were rinsed off cultures using 2 146 x 1 ml S-buffer and centrifuged for 3 min at 3000 rpm. The supernatans was removed, 500 µl 147 of CTAB buffer (2% w/v CTAB, 1.4 M NaCl, 0.2% (v/v) 2-mercaptoethanol, 20 mM EDTA, 148 100 mM Tris/HCl pH 8.75) was added to the nematode pellet and tubes were frozen at -80 °C 149 for 10 min. Then, enzymatic (6 µl proteinase K 10 mg ml -1 ) and mechanical (beadbeating) 150 lysis was performed. DNA was subsequently dissolved in 7.5 M ammonium acetate, followed 151 by precipitation in cold isopropanol. DNA was washed by adding 1 ml washing buffer (76% 152 ethanol and 10 mM ammonium acetate) and dissolved in 20 µl sterile water. The accuracy of 153 the CTAB protocol was investigated using DNA extracts from 1, 5, 10, 50, 100 nematodes. The serial dilution was loaded in duplicate for each species, and then used to 245 construct a standard curve from which our 'unknown' experimental samples could be 246 quantified. These 'unknown' samples were brought to a DNA concentration of 10 ng/µl, to 247 avoid inhibition effects when too much DNA template is present. The estimated number of 248 nematodes was then corrected for the dilution factor. 249
250

Data analysis 251
All statistical analyses were performed with the Statistica 7 software (Statsoft 2004 ). The accuracy of absolute quantification was evaluated by two correlation analyses: 1/ the log 292 of the amount of DNA from the serial dilutions was plotted against Ct values to investigate 293 the reliability of the qPCR assay, and 2/ the number of nematodes estimated from qPCR was 294 plotted against the actual number of nematodes inoculated into the experiments to infer the 295 reliability of absolute quantification. The former correlation was evaluated through the 296 parametric 'Pearsons r' correlation coefficient. Since the data for the latter correlation analysis 297
were not normally distributed, a non parametric Spearman Rank correlation was performed. 298
To investigate whether significant differences could be observed between qPCR estimates 299 when grouped according to the actual number of nematodes inoculated, ANOVA (for PmI 300 and PmIV) or Kruskal-Wallis ANOVA (PmII and PmIII) was performed. Tukey HSD for 
ITS copy number differences between developmental stages 327
Ct -values were significantly different between developmental stages for PmI (F 2, 12 = 49.3, p 328 < 0.0001), PmII (F 2, 11 = 45.9, p < 0.0001) and PmIV (F 2, 12 = 100.9, p < 0.0001), but not for 329 PmIII (F 2, 12 = 1.4, p = 0.28) (Fig 1) . Posthoc comparisons showed that Ct values were 330 significantly different between females, males and juveniles of PmI and PmIV (all p < 0.001, 331 except for females and males of PmI, where p = 0.02). For PmII, juveniles had significantly 332
higher Ct values than males and females (p < 0.0001), while no significant differences were 333 observed between Ct values of males and females. The highest variation in Ct values was 334 observed between females of the four species, while males and juveniles yielded similar Ct 335 values between species (Fig 1) . 336 PmIV respectively, all p < 0.05). For some experiments, an overestimation of the proportion 343 of nematodes was, however, obtained (Fig 2) . This was especially true for experiments 1, 2, 3, 344 5, 6 and 7 for PmIV, which contained 16 or 20 handpicked adult nematodes. In contrast, when 345 16 nematodes (experiment 13) or 25 nematodes (experiment 15) of PmIV were added by 346 pipetting (and thus containing a mixture of juveniles and adults), the estimate was very 347 similar to the actual number of nematodes added to the samples (Fig 2) . Correlation 348 coefficients with only pipetted experiments were high for PmII and PmIV (Spearman Rank 349 order correlation r = 0.52, r = 0.94, r = 0.67 and r = 0.95, for PmI, PmII, PmIII and PmIV 350 respectively, all p < 0.05). For PmI and PmIII, correlations increased considerably when threeand six outliers were removed (Fig 3; comparisons revealed that these differences were caused between the treatments with no 357 nematodes (0 %) and treatments with the highest proportion of a nematode species (70 and 85 358 % for PmII, 85% for PmIII, 50 and 85 % for PmIV), but the parametric Tukey HSD test 359 revealed more significant differences for PmI (Fig 43) . 360
In a second series of eight experiments, we investigated whether using only adults or 361 only juveniles would result in more accurate qPCR estimates of PmI and PmIII nematodes. 362
Juveniles resulted in more accurate estimates than adults (Fig 54) . No significant product 363 moment correlation coefficients were observed for the experiments with adults. In contrast, In general, the qPCR estimate was very close to the actual number of nematodes present in 373 the experiments, especially for PmII and PmIII (Fig 65) . For PmI and PmIV, there was a 374 strong overestimation for those experiments where nematodes were manually added 375 (experiments 3, 7 and 8 for PmI, and experiments 1, 2, 3, 5, 6 and 7 for PmIV). Since 376 standardcurves were generated from pipetted nematodes, the reliability of quantification for 377 all species was further investigated using only the experiments for which individuals were 378 pipetted (in bold in Table 2 ). For all four species, a significant positive correlation was 379 observed between the actual number of nematodes added and the estimated number by the 380 qPCR. Product-moment correlation coefficients were 0.625 (p=0.002), 0.864 (p=0.000), 0.808 381 (p=0.000) and 0.909 (p=0.000) for PmI, PmII, PmIII and PmIV, respectively. ANOVA and 382
Kruskal-Wallis ANOVA indicated significant differences between the estimated number of 383 nematodes when they were grouped according to the actual number of nematodes present in 384 the sample for all species (PmI: Rhabditis species can be reliably identified from their closest relatives in experimental 410 samples. In view of the high interspecific variability of the ITS region, it is unlikely that more 411 distantly related species would be amplified. We therefore feel that the primers tested here 412 may also be applicable for detecting the cryptic R. (P.) marina species in field samples. 413
Next to the high specificity, the assay proved to be highly sensitive since a single 414 were obtained. The difference between pipetted and handpicked experiments was especially 448 prominent for species PmI and PmIV, suggesting that these differences were related to 449 differences in Ct values between developmental stages. We therefore expected to find more 450 accurate estimates in the experiments with only juveniles than in those with only adults. This 451 was clearly the case in our test with PmI and PmIII adults and juveniles (Fig 54) . The qPCR assay significantly differentiates between low and high numbers of 458 nematodes of each of the four cryptic species in our artificially generated test samples. We 459 used a total of 100 nematodes for each of the experiments tested here, but in real samples total 460 nematode abundances are much higher and differ widely among samples. It is therefore likely 461 that significant, and differences in abundances among speciesbetween natural samples are 462 likely to be largerwill be more pronounced than the differences between our experiments. 463
Moreover, significant differences were observed within the juvenile only experiments 464 containing between two and 30 specimens of a particular species ( Table 2) and relative quantification may be better suited. Based on our results, the best strategy to 476 quantify real samples may well be achieved by first counting the total number of nematodes 477 in the sample. From this, the volume to obtain 100 nematodes can be determined, and this 478 suspension is then subjected to DNA-extraction. To avoid any inhibition by excess of DNA, 479 the DNA sample should be diluted to ca 10 ng µl -1 before qPCR amplification with each of 480 the species specific primers. For absolute quantification, the abundance of each species is then 481 calculated by correcting the qPCR estimate with the dilution factor applied to get the 10 ng µl -482 1 and by converting this number to the total amount of nematodes that was present in the 483 sample. In addition, higher precision may be achieved by separating juveniles from adults by 484 first sieving the sample, and then quantify both fractions separately. For the four species used 485 here, males and females can easily be distinguished under a binocular. In case stage-specific 486 patterns would be of interest, females, males and juveniles can be separated under a binocular 487 by handpicking, and each of the three fractions can then be quantified separately. This 488 approach will inevitably come at a cost of efficiency, since there is no easy way other than 489 manual sorting to rapidly separate males from females. 490
Both methods of quantification yielded quite similar results. Relative quantification 491 yielded slightly higher correlation coefficients than the absolute quantification and the 492 preparation of a good standard curve for absolute quantification requires more optimization 493 than preparing the reference samples for relative quantification. However, absolute 494 quantification is often preferred in ecological studies and environmental monitoring. 495
Overestimation of the abundance of one species will not automatically result in the 496 underestimation of other species, since the abundance is determined based on the standard 497 curves for each species separately. Choosing the mode of quantification and the precision of 498 the estimates will greatly depend on the research question at hand. When the primary 499 objective is to monitor abundances of cryptic species over time in function of the presence or 500 absence of other cryptic species, then a relative quantification of the total nematode 501 community may be sufficient. When the objective is however to look at fine scale responses 502 of cryptic species to environmental variables, then life-stage dependent estimates through an 503 absolute quantification may be more relevant. 504
The next step now is to design controlled laboratory experiments with single and multi 505 species treatments under different abiotic conditions to investigate the ecology and 506 functioning of cryptic marine species and their importance in maintaining the functioning of 507 ecosystems without the need for the laborious sorting and specimen-by-specimen analysis of 508 high numbers of individuals. 509 510
Conclusions 511
The qPCR assay developed here shows the ability to quickly identify and quantify cryptic, 512 closely related nematode species. This is of special interest, since cryptic species prevail in 513 the marine environment (Knowlton 1993). They remain, however, difficult to study using 514 traditional morphological identification tools because of a general lack of easily observable 515 diagnostic characters. Very often, such diagnostic characters are completely lacking in 516 juvenile stages. The qPCR method described and validated here offers a way to study the 517 ecology and functioning of cryptic species in a way that was not possible before. mix  19  16  0  10  5  adults  20  5  0  21  5  adults  21  26  0  4  2  adults  22  2  0  28  2  adults  23  16  0  10  5  juveniles  24  5  0  21  5  juveniles  25  26  0  4  2  juveniles  26  2  0  28  2 
